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Edited by Amy McGoughAbstract In skeletal muscles, FBPase–aldolase complex is lo-
cated on a-actinin of the Z-line. In the present paper, we show
evidence that stability of the complex is regulated by calcium
ions. Real time interaction analysis, confocal microscopy and
the protein exchange method have revealed that elevated calcium
concentration decreases association constant of FBPase–aldol-
ase and FBPase-a-actinin complex, causes fast dissociation of
FBPase from the Z-line and slow accumulation of aldolase with-
in the I-band and M-line. Therefore, the release of Ca2+ during
muscle contraction might result, simultaneously, in the inhibition
of glyconeogenesis and in the acceleration of glycolysis.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Muscle fructose 1,6-bisphosphatase (FBPase) [EC 3.1.3.11],
a key enzyme of glyconeogenesis, catalyzes the irreversible
reaction of hydrolysis of fructose 1,6-bisphosphate to fructose
6-phosphate and inorganic phosphate. Muscle aldolase [EC
4.1.2.13] catalyzes the reversible reaction of synthesis of fruc-
tose 1,6-bisphosphate from glyceraldehyde 3-phosphate and
dihydroxyacetone phosphate and, in glyconeogenesis, supplies
the substrate for FBPase.
Muscle FBPase is very sensitive to AMP inhibition and in
the presence of physiological concentrations of this eﬀector
in muscle ﬁbres FBPase should be almost completely inactive
[1,2]. Recently, we have presented evidence that, in vitro, mus-
cle aldolase binds to muscle FBPase and the binding results in
dramatic changes in allosteric properties of the latter enzyme,
desensitizing it towards AMP inhibition [2,3] and enabling the
intermediate channeling between the enzymes [4].
Investigating subcellular localization of the two enzymes we
have found that, in striated muscles, FBPase and aldolase co-
localize on the Z-line (with the strong binding of the former en-Abbreviations: FBPase, fructose 1,6-bisphosphatase; FITC, ﬂuorescein
isothiocyanate; TRITC, rhodamine isothiocyanate; EGTA, ethylene
glycol-bis(b-aminoethyl ether)-N,N,N 0,N 0-tetraacetic acid; EDTA, eth-
ylenediaminetetraacetic acid; PMSF, phenylmethylsulfonyl ﬂuoride;
PEG, polyethylene glycol; HEPES, N-[2-hydroxyethyl]piperazine-N0-
[2-ethanesulfonic acid]; DTT, dithiothreitol
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doi:10.1016/j.febslet.2005.01.071zyme to a-actinin) [5] and we have postulated the existence of
glyconeogenic metabolon around the Z-line [5]. Structural sep-
aration of glyconeogenesis and glycolysis (the glycolytic com-
plex is known to be located on actin [6–8]) may protect the
muscle cell against the loss of the energy via futile cycles.
Calcium is the main regulator of muscle contraction [9,10]. It
also aﬀects the number of other cellular activities including the
metabolism of carbohydrates [7,11–13]. Quite recently, we
have found that calcium is a potent inhibitor muscle FBPase
and, in cardiomyocytes, causes dissociation of the enzyme
from the Z-line [14]. The primary aim of the present study
was to investigate the eﬀect of calcium ions on the stability,
activity and subcellular localization of aldolase–FBPase com-
plex. In the running report, the evidence is presented that cal-
cium decreases aﬃnity of FBPase to aldolase and a-actinin and
causes disintegration of aldolase–FBPase complex.2. Materials and methods
Phosphocellulose P-11 was purchased from Whatman (England),
ethanolamine was from Merck (Germany), and BIAcore sensor chip
CM5 was from Biacore AB (Sweden). Alexa Fluor 546 anti-mouse
antibodies were from Molecular Probes (USA). Other reagents were
from Sigma (USA).
2.1. Enzyme puriﬁcation and activity determination
Rabbit muscle FBPase and aldolase were puriﬁed according to [1]
and [15], respectively. The activities of FBPase and aldolase were deter-
mined as described by Rakus and Dzugaj [1] and Rakus et al. [16],
respectively. The concentration of the enzymes was determined spec-
trophotometrically and the purity of aldolase and FBPase was checked
by 10% SDS–PAGE [17].
The eﬀect of calcium ions on the velocity of the reaction catalyzed by
free FBPase and aldolase–FBPase complex was measured as was de-
scribed previously [3,14].
Spectrophotometric measurements were performed with an Agilent
8453 diode array spectrophotometer.
2.2. Fluorescent labeling
Fluorescently labeled FBPase (FITC-FBPase) and aldolase
(TRITC-aldolase) were obtained by modiﬁcation of the proteins with
ﬂuorescein isothiocyanate (FITC) and tetramethyl-rhodamine isothio-
cyanate (TRITC), respectively, as described by Goding [18]. The lack
of proteolysis of ﬂuorescently labeled proteins was checked by 10%
SDS–PAGE [17]. The number of ﬂuorochrome molecules conjugated
to the enzymes was estimated spectrophotometrically.
2.3. The protein exchange
Single skeletal muscle ﬁbres were prepared as described previously
[8]. The stabilization of the striation pattern of the skinned muscle ﬁ-
bres was achieved as described by Brenner et al. [19]. The proteinblished by Elsevier B.V. All rights reserved.
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et al. [5], was used to localize and co-localize FBPase and aldolase.
Before the incubation with muscle ﬁbres, both enzymes were dialyzed
against relaxing buﬀer (10 mM imidazol, 2 mM MgCl2, 1 mM EGTA,
20 mM creatine phosphate, 2 mM DTT, 106 mM potassium propio-
nate; pH 7.0, t = 4 C). In localization experiments, the skinned muscle
ﬁbres were incubated overnight with FITC-FBPase (0.2 mg/ml), or
with TRITC-aldolase (1 mg/ml) for 4 h. To co-localize both enzymes,
the muscle ﬁbres were incubated overnight with FITC-FBPase
(0.2 mg/ml) and subsequently with TRITC-aldolase (1 mg/ml) for
4 h. To interpret the achieved striation pattern, skinned ﬁbres were
incubated with anti-a-actinin antibodies, secondary antibodies labeled
with Alexa Fluor 546 and then with FITC-FBPase (Fig. 1D–F).
To test the eﬀect of calcium ions on localization and co-localization
of aldolase and FBPase, the ﬁbres containing associated ﬂuorescently
labeled proteins were transferred into the activating solution (10 mM
imidazol, 0.1 mM CaCl2, 2 mM MgCl2, 20 mM creatine phosphate,
2 mM DTT, 106 mM potassium propionate; pH 7.0, t = 4 C). All ﬁ-
bres were mounted on microscopic slides and examined by Confocal
microscopy.
The ﬂuorescent images were obtained with a Bio-Rad MRC 1024ES
confocal scanner unit and Zeiss Axiovert S100 inverted microscope.
The degree of co-localization, expressed in Pearsons correlation coef-
ﬁcient, which calculates the proportion of all red intensities that have
green components among all red intensities, was assessed by the co-
localization analysis function in the AutoVisualise/AutoDeblur v 9.3
free 30-day demo software (AutoQuant Imaging Inc.).2.4. Eﬀect of calcium on aldolase and FBPase release from subcellular
structures of muscle ﬁbres
Skeletal muscles dissected from a freshly killed rabbit were homog-
enized in the buﬀer containing: 20 mM Tris, 0.4 mM EDTA, 1 mM
PMSF (pH 7.4, t = 4 C) in the absence and in the presence of 5%
PEG 8000 as well as in the presence of 5% PEG 8000 and 0.01 or
0.1 mM CaCl2. The ratio of tissue to buﬀer (wt/vol) was 1:2. Homog-
enates were centrifuged at 25 000 · g for 20 min at 4 C and the super-
natants were used for the determination of aldolase and FBPase
activity [1,16]. The pellets were homogenized in 10 volumes of homog-
enization buﬀer with 0.5% Triton X-100, incubated for 30 min on ice,
centrifuged at 25 000 · g for 20 min at 4 C and the obtained superna-
tants were tested for the enzyme activity.2.5. Real-time interaction analysis by BIAcore
The binding of FBPase to immobilized a-actinin and to immobilized
aldolase was measured using BIAcore 1000 (Biacore AB, Sweden). The
sensor chips CM5 with carboxymethylated dextran matrix were used
throughout all experiments. The immobilization of a-actinin was de-
scribed previously [5]. The immobilization of aldolase was carried
out using the standard EDC/NHS chemical procedure for the activa-
tion of a working channel. A 5 ll solution of aldolase (0.1 mg/ml in
10 mM acetate buﬀer; pH 6.5, ﬂow rate 5 ll/min) was injected over
the activated sensor surface, followed by a 50 ll solution of 1 M etha-
nolamine to deactivate the unreacted NHS-esters. The chip was equil-Fig. 1. The eﬀect of calcium ions on localization of FITC-FBPase: in the ab
100 lM Ca2+ (C). Co-localization (D) of FBPase (E) and a-actinin (F) in mibrated with the running buﬀer (10 mM HEPES, 100 mM KCl, 1 mM
DTT, 2 mM MgCl2; pH 7.4, t = 25 C) until a stable baseline was ob-
tained. The level of immobilization was 4426 and 3079 RU for aldolase
and a-actinin, respectively.
All binding experiments were carried out at 25 C with a constant
ﬂow rate of 10 ll/min in the running buﬀer. To determine the aﬃnity
of FBPase to a-actinin and aldolase, 50 ll aliquots of FBPase (270,
675 and 1350 nM) in the running buﬀer in the absence and in the
presence of 10 lM CaCl2 or 100 lM CaCl2 were injected over the
aldolase-immobilized and a-actinin-immobilized sensor chip, followed
by a 3-min washing with the running buﬀer supplemented with appro-
priate concentration of calcium.
The binding constants (KA) were determined both by global ﬁtting
of the sensograms to a binding models using BIAevaluation 3.1 soft-
ware (Pharmacia Biosensor AB) as well as by equilibrium binding
analysis with GraFit 4.0.12 program (Erithacus Software Ltd., R.J.
Leatherbarrow).
The global analysis of the interaction between FBPase and a-actinin
was performed using a single-site binding model with drifting base-line.
The best ﬁtted model describing the interaction between FBPase and
aldolase accounts for the existence of one binding site on the surface
of the FBPase molecule and two conformational states of the complex
[5].
The equilibrium binding constants were obtained by non-linear
regression analysis using GraFit 4.0.12 program and the following
equation:
Req ¼ ðRmax  CÞ=ð1=KA þ CÞ
where Req is response in resonance units (RU) at equilibrium, C is the
FBPase concentration, Rmax is RU at maximum and KA is the binding
constant.3. Results
Fluorescent labeling of the enzymes revealed that FBPase
monomer bound on average three molecules of FITC, whereas
two molecules of TRITC were bound with aldolase monomer.
Although the labeling strongly decreased the speciﬁc activity of
both enzymes, the modiﬁcation did not signiﬁcantly reduce the
aﬃnity of these enzymes to each other as well as of FBPase to
a-actinin [5].
The protein exchange experiments revealed that FITC-
FBPase is located on both sides of the Z-line (Fig. 1A) and
TRITC-aldolase accumulates within the I-band and around
the M-line (Fig. 2A). The same striation pattern for the both
enzymes as well as for their co-localization (Fig. 3A) was
achieved previously [5]. In control experiments, where muscle
ﬁbres were incubated with the respective ﬂuorochrome alone,
no staining was observed (data not shown). Co-localizationsence of Ca2+ (A); after 1 min of incubation with 10 lM Ca2+ (B) and
uscle ﬁbre. Bar: 5 lm.
Fig. 2. The eﬀect of calcium ions on localization of TRITC-aldolase: in the absence of Ca2+ (A); after 5 min (B), 10 min (C) and 20 min (D) of
incubation with 10 lM Ca2+; after 5 min (E), 10 min (F) and 20 min (G) of incubation with 100 lM Ca2+. Bar: 5 lm.
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analysis function in the AutoVisualise/AutoDeblur software.
The degree of co-localization, expressed in Pearsons correla-
tion coeﬃcient [20] was 0.73, what indicates high degree of
the co-localization (Fig. 4A).
The addition of 10 and 100 lMcalcium to the skinned muscle
ﬁbres with bound FITC-FBPase resulted in fast and complete
dissociation of the enzyme from the Z-line (Fig. 1B and C).
The reverse eﬀect exerted calcium on the localization of aldol-
ase: 10 and 100 lM CaCl2 caused the slow accumulation of
TRITC-aldolase in the I-band and around the M-line (Fig.
2B–G).
The same eﬀect of Ca2+ as rapid dissociation of FITC-
FBPase from the Z-line and slow accumulation of TRITC-
aldolase within the I-band and on the M-line was observed
in the co-localization experiment (Fig. 3B and C). In the pres-
ence of calcium ions the Pearsons correlation coeﬃcient was
0.14, what indicates no co-localization of the proteins [20]
(Fig. 4B and C).Fig. 4. The graphical representation of the Pearsons correlation coeﬃcient s
points) in the absence of Ca2+ (A); no co-localization in the presence of 10 l
Fig. 3. The eﬀect of calcium ions on co-localization of FITC-FBPase and T
with 10 lM Ca2+ (B); after 10 min of incubation with 100 lM Ca2+ (C). BaThe global ﬁtting of the sensograms revealed the binding
constant for aldolase–FBPase equal to 8.56 · 106 M1
(Fig. 5A) and for FBPase-a-actinin equal to 1.01 · 107 M1
(Fig. 6A). Similar values of KA were obtained when the data
was analyzed by equilibrium binding analysis (Figs. 5A and
6A) and these values are in the range of KA reported previously
[3,5,21]. The association of FBPase to aldolase and a-actinin
was strongly aﬀected by calcium ions, and 10 lM Ca2+ de-
creased the aﬃnity of FBPase to aldolase and to a-actinin
about 4–5-fold and 10-fold, respectively (Figs. 5A–C and
6A–C).
The release of FBPase and aldolase from subcellular struc-
tures of muscle was dependent on the presence of the crowding
agent imitating the physiological conditions – PEG 8000 (Ta-
ble 1). The amount of both enzymes associated with structures
of muscle cells was about 6–7 times higher in the presence of
5% PEG 8000 than in its absence (Table 1). An addition of
100 lM CaCl2 to the homogenization buﬀer only slightly af-
fected the amount of FBPase and aldolase associated withhowing high degree of the FBPase and aldolase co-localization (yellow
M (B) or 100 lM Ca2+ (C). Bar: 5 lm.
RITC-aldolase: in the absence of Ca2+ (A); after 10 min of incubation
r: 5 lm.
Fig. 5. (A) The binding constants between FBPase and aldolase in the absence and in the presence of calcium ions as determined by the global ﬁtting
of the sensograms and the equilibrium binding analysis. (B) Representative sensograms and ﬁtted curves showing Ca2+-dependent binding of FBPase
(675 nM) to aldolase. (C) The equilibrium binding analysis of the eﬀect of calcium ions on the aﬃnity of FBPase to aldolase.
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tion of calcium to the homogenization buﬀer containing
PEG 8000 signiﬁcantly decreased the amount of FBPase asso-
ciated with subcellular structures and increased the amount of
the associated aldolase (Table 1).
Ca2+ inhibited the activity of muscle FBPase with I0.5 equal
to 0.48 lM (Fig. 7) [14], whereas the inhibition of the activity
of aldolase–FBPase complex was much weaker and an appar-
ent inhibitory constant was about 24 lM (Fig. 7). The
relative activity of aldolase–FBPase complex in the presence
of calcium ions (Fig. 7) roughly correlated with the amount
of the aldolase–FBPase complex under the experimental
conditions (calculated with Eq. (1)). Thus, it is possible
that calcium decreases the concentration of the complex
and, as a result, it can inhibit FBPase activity in a classic
manner.
½AF ¼
ðKA½AþKA½F þ1Þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðKA½AþKA½F þ1Þ24K2A½A½F 
q
2KA
;
ð1Þ
where [AF] – concentration of aldolase–FBPase complex, [F] –
total concentration of FBPase (7.15 · 107 M), [A] – total con-centration of aldolase (6.25 · 1010 M), KA – association con-
stant between aldolase and FBPase (Fig. 5A–C).4. Discussion
For years it was a common belief that lactate produced in a
contracting muscle is transported via the blood stream to the
liver where is converted to glucose, which subsequently is
transported to the muscle again (Cori cycle). In last few years
evidence has been accumulated that, in the skeletal muscle, up
to 50% of lactate is converted to glycogen (glyconeogenesis)
[22]. In such a pathway aldolase as well as FBPase are indis-
pensable. Aldolase not only directly supplies substrate to
FBPase [4], but also interacting with FBPase desensitizes it to-
wards AMP inhibition [1,3].
Glucose is the main source of energy for muscle ﬁbres and its
level therein is regulated not solely by hormones but also by
intracellular calcium. Calcium is involved in the regulation of
glycogenolysis by activating glycogen phosphorylase which
subsequently causes the release of glucose from glycogen for
ATP generation [23,24]. Calcium also activates, in an insulin-
independent manner, GLUT4-dependent entrance of glucose
Fig. 6. (A) The binding constants between FBPase and a-actinin in the absence and in the presence of calcium ions as determined by the global ﬁtting
of the sensograms and the equilibrium binding analysis. (B) Representative sensograms and ﬁtted curves showing Ca2+-dependent binding of FBPase
(675 nM) to a-actinin. (C) The equilibrium binding analysis of the eﬀect of calcium ions on the aﬃnity of FBPase to a-actinin.
P. Mamczur et al. / FEBS Letters 579 (2005) 1607–1612 1611into muscle ﬁbres [25] and accelerates glycolysis aﬀecting bind-
ing of glycolytic enzymes to subcellular structures [7,26]. On
the other hand, calcium ions are presumed to inhibit glycone-
ogenesis: Ca2+ is the strong inhibitor of muscle FBPase and
during the muscle contraction an elevated level of calcium
should almost completely inhibit the enzyme [14]. Moreover,Table 1
The eﬀect of calcium on aldolase and FBPase release from subcellular
structures of muscle ﬁbres
Buﬀer FBPase associated
with subcellular
structures (%)
Aldolase associated
with subcellular
structures (%)
Without crowding agent 7.3 ± 3.8 8.5 ± 2.4
Without crowding agent
Ca2+ – 100 lM
5.9 ± 2.7 11.7 ± 4.1
5% PEG 47 ± 8.6 35 ± 7.9
5% PEG Ca2+ – 10 lM 38 ± 7.4 39 ± 4.2
5% PEG Ca2+ – 100 lM 17 ± 3.2 56 ± 9.2
Each value represents the mean and S.D. of triplicate independent
experiments.
Fig. 7. The inhibition of free FBPase (full circles, dashed line) and
aldolase–FBPase complex (empty circles, solid line) activity by calcium
ions. Black squares represent the saturation of aldolase with FBPase in
the presence of 10 and 100 lMCa2+, as calculated according to Eq. (1).
1612 P. Mamczur et al. / FEBS Letters 579 (2005) 1607–1612in cardiomyocytes, Ca2+ causes dissociation of FBPase from
the Z-line [14] disintegrating the hypothetical glyconeogenic
metabolon.
In the present paper, we have reported that an increased
concentration of calcium decreases both the aﬃnity of FBPase
to aldolase (Fig. 5) and to a-actinin (Fig. 6). This destabiliz-
atory eﬀect of Ca2+ results in the release of muscle FBPase
from the multienzymatic complex located around the Z-line
(Table 1, Figs. 1 and 3) and free form of the enzyme is strongly
inhibited both by calcium ions (Fig. 7) and AMP [1,3]. Simul-
taneous to the inhibition of glyconeogenesis, the increased con-
centration of calcium causes the accumulation of aldolase
within I-band (Figs. 2 and 3), the region of the postulated gly-
colytic complex occurrence [6–8,27]. The reverse regulation of
the activity of glycolysis and glyconeogenesis by Ca2+ is in
agreement with the data showing that calcium increases the
amount of FBPase in the cytosolic extract from muscle ﬁbres,
but decreases the amount of aldolase (Table 1).
Thus, aldolase catalyzing the reversible reaction of F1,6-P2
synthesis is involved in the formation of the glyconeogenic
or glycolytic complex, dependently on the physiological state
of the cell. In the process of glycogen synthesis, the enzyme
not only supplies the substrate for FBPase and desensitizes it
to AMP inhibition [1,3], but also partially desensitizes FBPase
to action of calcium – the inhibition of the complex is about 50
times weaker than free muscle FBPase (Fig. 7) [14]. Presum-
ably, Ca2+ does not inhibit directly the activity of FBPase asso-
ciated with aldolase. It seems that calcium ﬁrstly destabilizes
the complex and then inhibits the activity of free FBPase. Such
a mode of the inhibition by calcium and the desensitization to
the inhibitor might enable the activity of glyconeogenesis dur-
ing the moderate muscle activity.
Summarizing: glucostasis is a complex phenomenon in
which the glucose supply and its consumption are precisely
regulated. In the muscle tissue, glycogen synthesis from carbo-
hydrate precursors is an important part of the maintenance
mechanism of the glucose level and calcium ions participate
in the regulation of this process. Intracellular muscle calcium
activates glycogenolysis, rises up the level of glucose, acceler-
ates glycolysis and inhibits glyconeogenesis.
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